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Maintenance of High-Frequency Transmission
at Purkinje to Cerebellar Nuclear Synapses by
Spillover from Boutons with Multiple Release Sites
tivity. As at other GABAergic synapses, however, the
train-induced decrement in postsynaptic currents at
corticonuclear synapses is considerably less than that
observed at excitatory synapses (Galarreta and Hestrin,
1998; Varela et al., 1999; Kraushaar and Jonas, 2000;
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Many factors contribute to short-term depression. The
amplitude of a postsynaptic response can be described
as the product of the number of release sites (Ntotal), theSummary
release probability (Pr), and the mean quantal response
(Q). Pr, in turn, can be expressed as the fraction of theCerebellar Purkinje neurons maintain high firing rates
but their synaptic terminals depress only moderately, release sites that are filled (Nfilled/Ntotal), multiplied by
the release probability of a single release-ready vesicle,raising the question of how vesicle depletion is mini-
mized. To identify mechanisms that limit synaptic (“vesicular Pr,” or Pv). Decreases in any of these parame-
ters can contribute to depression (Zucker and Regehr,depression, we evoked 100 Hz trains of GABAergic
inhibitory postsynaptic currents (IPSCs) in cerebellar 2002). Under the depletion hypothesis, depression is
dominated by a decrease in Nfilled as vesicles are re-nuclear neurons by stimulating Purkinje axons in
mouse brain slices. The paired-pulse ratio (IPSC2/ leased; the higher the initial Pr, the more readily this
depletion occurs (Dobrunz and Stevens, 1997; ZuckerIPSC1) of the total IPSC was 1 and the steady-state
ratio (IPSC20/IPSC1) was 0.5, suggesting a high re- and Regehr, 2002). At some central synapses, however,
train-evoked depression does not vary directly with thesponse probability of postsynaptic receptors, without
an unusually high release probability. Three-dimensional initial Pr, suggesting that depletion does not dominate
depression. To account for this observation, Pv itselfelectron microscopic reconstructions of Purkinje bou-
tons revealed multiple active zones without interven- has been proposed to decrease in an activity-dependent
manner, through mechanisms that are upstream to exo-ing transporters, suggestive of “spillover”-mediated
transmission. Simulations of boutons with 10–16 re- cytosis (Kraushaar and Jonas, 2000; Waldeck et al.,
2000). Finally, at some synapses, Q may decrease aslease sites, in which transmitter from any site can reach
all receptors opposite the bouton, replicated multiple- receptors desensitize, adding a postsynaptic compo-
nent to depression (Hestrin, 1992; Otis et al., 1996b).pulse depression during normal, high, and low presyn-
aptic Ca influx. These results suggest that release from These depression-promoting factors can be counter-
acted, in part, by activity-dependent facilitation and ac-multiple-site boutons limits depletion-based depres-
sion, permitting prolonged, high-frequency inhibition celeration of vesicle replenishment (Katz and Miledi,
1968; Wang and Kaczmarek, 1998; Dittman et al., 2000).at corticonuclear synapses.
To explore how these factors interact to produce the
moderate depression observed at the Purkinje-to-Introduction
nuclear synapse, we recorded trains of IPSCs while vary-
ing presynaptic Ca influx. The distinctive pattern of re-The inhibitory synapses between Purkinje neurons and
neurons of the cerebellar nuclei play a central role in sponses led us to consider mechanisms that permit a
low rate of presynaptic depletion, but a high probabilitycerebellar signaling. During behaviors involving the cer-
ebellum, Purkinje neurons fire high-frequency action po- of postsynaptic detection of transmitter. Three-dimen-
sional electron microscopic (EM) reconstructions, EMtentials, often increasing firing from their basal rates of
50 Hz to more than 100 Hz (Thach, 1968; Gilbert and immunocytochemistry, and further physiological experi-
ments suggested that the synaptic boutons may beThach, 1977). These high somatic firing rates predict
high rates of transmitter release at Purkinje synaptic adapted for a highly effective spillover-mediated trans-
mission (Asztely et al., 1997; Rossi and Hamann, 1998;terminals, which are likely to contribute to the powerful
inhibitory control exerted by Purkinje neurons over nu- DiGregorio et al., 2002). By incorporating spillover into
a depletion-based model with a constant Pv, we couldclear cells.
At many synapses, however, the rates of vesicle fusion account for the data recorded under a wide range of con-
ditions.exceed rates of vesicle replenishment, often leading to
depletion of vesicles during high-frequency activity (del
Castillo and Katz, 1954; Zucker and Regehr, 2002). In- Results
deed, at corticonuclear synapses, trains of presynaptic
stimuli produce short-term depression of IPSCs (Telg- Trains of stimuli at 10, 50, or 100 Hz were applied to
kamp and Raman, 2002; Pedroarena and Schwarz, Purkinje axons to elicit IPSCs in cerebellar nuclear neu-
2003), raising the question of how an effective synaptic rons in slices from P13–P15 mice (Telgkamp and Raman,
inhibition can be maintained during high-frequency ac- 2002). At these ages, the regular high-frequency firing
of Purkinje cells is well developed (Cre´pel, 1972), and
the clustering of postsynaptic GABAA1 subunits is simi-*Correspondence: i-raman@northwestern.edu
Neuron
114
repeatedly activated. In contrast, in our experiments,
five to ten fibers are activated (Telgkamp and Raman,
2002). Because of the extensive branching of Purkinje
terminals (Palkovits et al., 1977), the action potential in
each fiber is likely to invade many boutons (Pedroarena
and Schwarz, 2003). At many central synapses, each
bouton is thought to release a single quantum of neuro-
transmitter with a release probability that is quite low
(0.35) (Rosenmund et al., 1993; Dobrunz and Stevens,
1997). If this were also true for Purkinje boutons, each
stimulus would activate a different population of post-
synaptic receptors, and successive IPSCs from distinct
sets of receptors would be expected to sum linearly,
rather than saturating. The observed saturation-like pro-
file of IPSC peaks suggests that, despite the activation
of several presynaptic axons, the same population of
receptors may be activated repeatedly. Such reactiva-
tion might be possible if the Pr at each release site of
Purkinje boutons were near 1.
A very high Pr, however, would be predicted to deplete
release sites rapidly, yielding a profound paired-pulse
and multiple-pulse depression (Dobrunz and Stevens,
1997; Brenowitz et al., 1998, Silver et al., 1998, Dittman
et al., 2000). Although corticonuclear synapses progres-
sively depress during stimulus trains, the extent of de-
pression is less profound than at synapses known to
have a high Pr, falling only by about 40% after ten pulses
at 100 Hz (Figure 1B). Possibly, steady-state depressionFigure 1. Saturation-like Profile of the Initial IPSCs Evoked at
could be limited by an unusually rapid rate of recoveryHigh Frequencies
from depression. Contrary to this hypothesis, however,(A) IPSCs elicited in the first 300 ms of a 1 s train at 10, 50, and 100
recovery during 10 and 100 ms intervals did not differHz (one cell).
greatly: When the first ten total IPSC amplitudes evoked(B) Total IPSC amplitude versus stimulus number, n 25 (data from
Telgkamp and Raman, 2002). at 10, 50, and 100 Hz were plotted versus stimulus num-
ber, the values superimposed (Figure 1B). These data
suggest that, despite the saturation-like profile of IPSCs,lar to that in the adult (Garin and Escher, 2001). IPSCs
either Pr is relatively low or depletion is somehow limited.activated rapidly, with a 10%–90% rise time of 779 
To obtain information about the initial Pr at cortico-48 s (n  15). The rate of rise slowed near the IPSC
nuclear synapses, we modulated presynaptic Ca influx,
peak, so that the maximal current occurred 1.35  0.59
recording 100 Hz trains of 20 IPSCs before and after
ms after the IPSC onset. When the peak amplitudes of each change. First, we reduced presynaptic Ca influx
the first two IPSCs were measured relative to the current with the GABAB agonist baclofen (100 M). Consistentjust before the preceding stimulus artifact, they showed with a decrease in Pr, baclofen reduced IPSC1 by 50%a substantial paired-pulse depression at 50 and 100 Hz 7% (n  6, p  0.02; Figures 2A and 2B). Although
(Telgkamp and Raman, 2002). IPSCs decayed with a decreasing Pr is predicted to reduce depletion-based
time constant () of 5.1 ms (Telgkamp and Raman, 2002). depression (Dobrunz and Stevens, 1997), baclofen re-
At 50 and 100 Hz, therefore, IPSCs did not decay fully lieved depression only modestly: the paired-pulse ratio
between stimuli, so that each “total IPSC” amplitude increased from 0.92  0.04 to 1.04  0.05, (p  0.02),
was the sum of the evoked IPSC and the residual synap- and the “steady-state ratio” (IPSC20/IPSC1) increased
tic current from the preceding stimulus. Inspection of from 0.42  0.04 to 0.57  0.07, (p  0.02, Figure 2B).
total IPSCs showed that the residual synaptic current These effects do not result from activation of GABAB
after the first stimulus was offset almost exactly by a receptors by endogenous GABA during the control train,
decrease in the second evoked IPSC. This offset pro- since blocking GABAB receptors with the antagonists
duced a total paired-pulse ratio (IPSC2/IPSC1) close to, CGP55845 (8 M) and CGP35348 (40 M) did not affect
or just less than, 1, regardless of the stimulus interval IPSC amplitudes or depression (n  3; p  0.3, all com-
(Figures 1A and 1B) (Telgkamp and Raman, 2002). parisons, Figure 2C) (Mouginot and Ga¨hwiler, 1995;
This amplitude matching of successive total IPSCs, Morishita and Sastry, 1995).
independent of the extent of IPSC decay, suggested If the repeated depolarization from high-frequency
that the response to the first stimulation reached a ceil- stimulation decreases baclofen-mediated inhibition of
ing that was rarely exceeded upon a second stimulation. Ca current (Park and Dunlap, 1998), larger effects of
Such profiles have been used as evidence for receptor lowering the initial Pr might have been obscured. To test
saturation in studies of miniature postsynaptic currents this idea, we reduced presynaptic Ca entry with low
(Tang et al., 1994; Auger et al., 1998). In those experi- Ca (1 mM) instead of baclofen. Like baclofen, low Ca
ments, however, because release was evoked from a reduced IPSC1 of the 100 Hz train (by 61%  10%, n 
5, p  0.01; Figure 2D), but did not raise the paired-single bouton, the same postsynaptic receptors were
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Figure 2. Train-Induced Depression Is Mildly
Reduced by Decreasing Presynaptic Ca
Influx
(A) IPSCs evoked in one cell in control solu-
tions and in 100 M baclofen. Dotted lines on
all traces indicate baseline current and 50%
of IPSC1.
(B and C) Summary of IPSC1 amplitude in
baclofen or CGP relative to IPSC1 in control
solution (“IPSC1 versus ctrl”), paired-pulse ratio
(“IPSC2”), and steady-state ratio (“IPSC20”). As-
terisks in all figures indicate p values 0.05.
(D) IPSCs evoked in one cell (different from
[A]) in control solutions and in 1 mM Ca.
(E) Summary as in (B) for 1 mM Ca.
pulse ratio far above 1 (from 0.99  0.05 to 1.04  0.10, increase of IPSC1 (Figures 3A and 3C, R2  0.8). Similar
effects were obtained by bathing the slice in high Ca (4p  0.4, Figure 2D). Low Ca consistently but insignifi-
cantly increased the steady-state ratio (from 0.48 0.03 mM) (Figure 3C). These results, therefore, contradict
the idea that a high initial Pr predicts a high degree ofto 0.81  0.19, p  0.07; Figure 2D). Overall, as at other
inhibitory synapses (Hefft et al., 2002), the relief of depletion during trains.
These data leave us with the need to account for threesteady-state depression produced by decreasing initial
Pr was measurable, but moderate. major observations. First, what produces a paired-pulse
ratio near 1, which implies repeated sampling of theNext, we raised Pr by applying 1 mM TEA to broaden
presynaptic action potentials, thereby increasing Ca in- same postsynaptic receptors, even when the initial Pr
is considerably less than 1? Second, even if the Pr isflux (Wang and Kaczmarek, 1998). TEA had variable ef-
fects on IPSC1 of the 100 Hz train; IPSC1 either increased relatively high, to promote repeated activation of recep-
tors, how does the synapse apparently limit depletion,2-fold (n  3, range 190%–240% of control, Figure 3A,
left) or hardly changed (n  3, range 90%–120% of producing a moderate steady-state depression? Third,
why are the rate and extent of depression only weaklycontrol; Figure 3A, right). Across all cells, this increase
in IPSC1 was not quite significant (to 158%  25% of sensitive to manipulations that substantially change the
initial Pr?control; n  6, p  0.08; Figure 3B), although TEA did
reduce both the paired-pulse ratio (from 1.04  0.03 to To address these issues, we examined the ultrastruc-
ture of these synapses. The classic EM studies of the0.84  0.07, n  6, p  0.03; Figure 3A) and the steady-
state ratio (from 0.54  0.04 to 0.37  0.07, p  0.014; lateral cerebellar nuclei of adult rat (Chan-Palay, 1977)
indicate that 85% of the somatic synaptic contacts ontoFigure 3B). One possibility is that the Pr approaches 1
at some synapses in control conditions (e.g., Foster et large cerebellar nuclear neurons are made by large (1.5
m diameter) presynaptic boutons with flattened vesi-al., 2002), making these synapses insensitive to modula-
tion by TEA, and only at synapses at which the control cles, which originate from Purkinje cells. Boutons with
these attributes were also present in our electron micro-Pr was less than 1 did TEA increase IPSC1. This interpre-
tation, however, conflicts with the negative correlation graphs of the mouse medial and lateral cerebellar nuclei.
These putative Purkinje boutons had two distinctive fea-between the TEA-induced increase of IPSC1 and the
steady-state depression in control conditions: less de- tures. First, initial inspection of single sections indicated
that 70 of 86 boutons had several neighboring but appar-pression in control, suggestive of a lower initial Pr, was
predictive of a smaller, instead of larger, TEA-induced ently distinct synaptic densities (Figure 4A). Second,
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Figure 3. Raising Presynaptic Ca Influx Does
Not Always Increase Train-Induced De-
pression
(A) Examples of cells in which TEA increased
IPSC1 and the extent of depression (left) and
in which TEA had little effect (right).
(B) Summary of relative IPSC1 amplitude,
paired-pulse ratio, and steady-state ratio.
(C) Correlation between the increase in IPSC1
amplitude by TEA or high Ca and the steady-
state ratio in control. Horizontal dotted line
shows no increase in IPSC1. Dashed line is a
linear fit to the data, R2  0.8.
each bouton and its postsynaptic target region was en- more than one presynaptic release site, the effective Pr
of each bouton would be increased, possibly providingsheathed by astrocytic processes (see below). These
observations raised the possibility that GABA release an explanation for the electrophysiological data.
To explore this hypothesis, we first tested whetherfrom multiple, independent release sites on a Purkinje
bouton might reach multiple postsynaptic densities. If, the densities visible in single sections were likely to be
separate release sites, by making three-dimensional EMas a consequence of such “spillover” (Asztely et al.,
1997; Rossi and Hamann, 1998; DiGregorio et al., 2002), reconstructions of ten putative Purkinje cell boutons
apposed to somata of medial cerebellar nuclear neu-each postsynaptic density were to detect GABA from
Figure 4. Ultrastructure of Purkinje-to-Nuclear Synapses
(A) Electron micrograph of a putative Purkinje bouton apposed to a cerebellar nuclear cell. Arrows, synaptic densities; arrowhead, edge of
synaptic density (vesicles in adjacent sections). Scale, 500 nm.
(B and C) 3D-reconstructed bouton (blue), viewed from within the postsynaptic cell (B) or along the somatic surface (gray, [C]). Synaptic
densities are red; glia are green; puncta adherens are yellow. Line indicates section in (A). Long axis of the bouton, 3.36 m.
(D) GAT-3 labeling of the cerebellar nuclei (arrow) but not the cerebellar cortex. Scale, 1 mm.
(E) Photomicrograph of nuclear cells (asterisks) from (D), showing GAT-3 labeling (brown) around the cell bodies. Scale, 10 m.
(F) Micrograph as in (A) showing GAT-3 labeling in glia (arrowheads). Arrows: synaptic densities. Scale, 500 nm.
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rons. The boutons were large, with an average volume
of 2.2  0.4 m3, and they contained a large number of
synaptic vesicles (7261  2361 vesicles/bouton, n  5),
at a density of 5190 1703 vesicles/m3 (excluding mi-
tochondria).
All ten boutons had multiple, distinct synaptic densi-
ties with an average of 9.2  1.3 densities per bouton
in contact with one soma (Figures 4B and 4C). Eight
boutons had 7 to 16 synaptic densities, and the other
two boutons had 2 or 3 densities. Astrocytes ensheathed
the boutons, but did not extend processes between
densities (Figures 4B and 4C). The mean area of each
synaptic density was 0.08 0.01m2, but several densi-
ties were very long (1 m), with clusters of synaptic
vesicles interspersed with regions of sparse or no vesi-
cles. The large numbers of densities per bouton, as well
as the clusters of vesicles along the densities, suggest
that Purkinje boutons have many distinct release sites.
GABA released from one presynaptic site could acti-
vate receptors at multiple postsynaptic sites, however,
only if transporters did not significantly prevent GABA
from reaching neighboring synaptic densities. Previous
work has shown that Purkinje terminals do not take
up GABA, as they do not express the neuronal GABA
transporter GAT-1 (Ribak et al., 1996). Instead, the pri-
mary transporter in the cerebellar nuclei is the astrocytic
transporter GAT-3 (Ribak et al., 1996; Minelli et al., 1996).
We confirmed these results in our preparation with pre-
embedding EM immunocytochemistry for GAT-1 or
GAT-3. At the light microscopic level, GAT-1 staining
was intense in the cerebellar cortex but undetectable
in the cerebellar nuclei (data not shown); the converse
Figure 5. Transporter Blockade Does Not Modify the Profile of De-was true for GAT-3 (Figures 4D and 4E; n  6 mice). In
pression
electron micrographs, GAT-3 labeling was evident in
(A) IPSCs that were unchanged (left) and that increased in amplitude
astrocytic processes around the bouton, and at the mar- (right, different cell) in 100 M 	-alanine.
gins of the appositions between boutons and somata (B) Example of a 	-alanine-induced increase in IPSCs with no
(Figure 4F). In the GAT-3-labeled sections, as well as in change in the pattern of depression.
(C) Summary of relative IPSC1 amplitude, paired-pulse ratio, andthe unlabeled 3D reconstructions, glial processes often
steady-state ratio (left axis) as well as IPSC decay time constantabutted the borders of the apposition between bouton
(“decay,” right axis).and soma. In the ten reconstructed boutons, the short-
est distance from each synaptic density to a neighboring
but distinct synaptic density was 0.21  0.03 m and
tudes of evoked IPSCs were 124%  13% of controlto a glial cell was 0.29 0.07 m, making it seem plausi-
(n  10; p  0.2; Figure 5A).ble that released GABA might reach another postsynap-
Even when the amplitudes of IPSCs increased intic site before reaching transporters. Importantly, glial
	-alanine, the profile of depression to 100 Hz trains wasprocesses did not intervene between active zones on a
unchanged in all ten cells (Figures 5B and 5C). Thesingle bouton. The ultrastructure therefore supports the
paired-pulse ratio was 0.98 0.02 in control and 0.97idea that individual Purkinje boutons have multiple re-
0.02 in 	-alanine (p  0.6), and the steady-state ratiolease sites apposed to multiple postsynaptic sites, and
went from 0.48  0.03 to 0.45  0.04 (p  0.4). Impor-are surrounded by astrocytic processes, whose trans-
tantly, the decay time of the IPSCs remained constantporters provide the only sink for neurotransmitter.
in both conditions (  5.1  0.3 ms, p  0.8). TheseIf spillover between release sites within a bouton is
data are consistent with the idea that the detection ofunhindered by transporter, then blockade of GAT-3
GABA by most postsynaptic receptors—possibly thoseshould not greatly affect the profile of depression. To
in the center of the apposition between bouton andtest this idea, we recorded 100 Hz trains of IPSCs before
soma—is unaffected by GABA transporters. It is possi-and after application of 100 M 	-alanine, an antagonist
ble, however, that the glial transporters limit binding ofof GAT-3 transporters. This concentration is well above
GABA by receptors at the margins of the apposition. Ifthe IC50 for GAT-3 (43 M) (Clark and Amara, 1994), but
so, transporter blockade may allow the “fringe” recep-below the IC50 for GABAA receptors in other prepara-
tors to bind GABA, thereby recruiting more postsynaptictions (6 mM) (Jones et al., 1998). 	-alanine at 100 M
receptors to a particular bouton. In any case, the insensi-produced no postsynaptic current, but at 1 mM,
tivity of the time course of IPSCs and the pattern of	-alanine produced a standing current of 200 pA that
depression in 	-alanine suggests that, rather than actingreversed near the Cl
 equilibrium potential of 
70mV
(n 8, data not shown). In 100 M 	-alanine, the ampli- to separate the individual densities of a single bouton,
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astrocytic transporters more likely serve to isolate differ-
ent boutons.
The multiple synaptic densities and absence of in-
tervening transporters make Purkinje boutons appear
ideally structured for an effective spillover of transmitter
between active zones of individual boutons. In the ex-
treme case, vesicle fusion at any presynaptic site within
a bouton may release sufficient GABA to produce a
high occupancy of receptors in all postsynaptic sites
opposed to the bouton. To evaluate whether the spill-
over-like model suggested by the ultrastructure could
account for our electrophysiological observations, we
developed a simulation of IPSCs evoked by release from
boutons with single and multiple release sites.
Before fitting our experimental data, we examined in
general terms how boutons with single and multiple re-
lease sites might differ. For simplicity, our first model
assumed receptor saturation; a subsaturating version
was considered later. In the basic model of one release
site per bouton (“one-site bouton”), the probability of
evoking a postsynaptic response is equal to Pr, which
is (Nfilled/Ntotal)  Pv. For an array of boutons with all sites
filled, the response probability reduces to Pv (Figure 6A,
upper inset). The expression of response probability is
somewhat different for a “multiple-site” bouton, how-
ever. First, the probability of evoking a response oppo-
site a multiple-site bouton is the probability that release
occurs from at least one site within the bouton, Pbouton.
Pbouton will therefore be one minus the probability that no
site releases, or 1
(1 
 Pv)n, where n is the number of
filled release sites per bouton. (For n  1, Pbouton is Pv).
To obtain the mean response probability upon release
from an array of multiple-site boutons, therefore, the
Pbouton is calculated for each bouton, and these values are
averaged. With all sites filled, and an identical number of
sites per bouton, the response probability reduces to
Pbouton (Figure 6A, lower inset). A relevant consequence
of multiple-site boutons is that even low values of Pv
yield response probabilities that are quite high. Figure
6A illustrates this feature, comparing the response prob-
ability (equal to Pbouton) for 1-, 10-, and 20-site boutons
as a function of Pv at each release-ready site.
A second effect of multiple-site boutons is to reduce
the rate and extent of depression. For both one-site and
multiple-site boutons, repeated stimulation evokes a
depletion-dependent depression as the number of filled
release sites decreases. The larger the number of re-
lease sites per bouton, the more gradually Pbouton drops
as sites within a bouton are depleted (making n de-
crease), and the more slowly depression proceeds. Fig-
ures 6B and 6C illustrate this property for an array of
1- and 20-site boutons stimulated at 100 Hz, with ex-
Figure 6. Predictions of Models of Multiple-Site Boutons
treme parameters of a high Pv (0.5) and a long time (A) Simulated mean response probability versus Pv for 1-, 10-, andconstant of vesicle replenishment after depletion (refill, 20-site boutons. Inset, schematic of one-site (top) or multiple-site
15 s). Not surprisingly, the one-site boutons yield a (bottom) boutons, indicating probability of release of at least one
paired-pulse ratio that is well below 1, as well as a rapid vesicle (Pbouton).
(B and C) Mean response probability and variance as a function ofand profound depression; by the sixth stimulus, the re-
stimulus number for 400 1-site boutons (B) or 20 20-site boutonssponse probability decreases 20-fold (Figure 6B, solid
(C), Pv  0.5. Insets, same data, plotted as variance versus mean.symbols). In contrast, in the simulation of 20-site bou-
tons, the paired-pulse ratio is 1, and by the sixth stimu-
lus, the response probability declines by only 50% (Fig-
ship between variance and mean response probability.ure 6C, solid symbols).
Regardless of the number of release sites per bouton,A third property of the synaptic responses that is influ-
enced by the number of sites per bouton is the relation- the variance-mean relation defines a parabola with a
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maximal variance at mean  0.5 (Figures 6B and 6C, of Pv, for the 1-site, 10-site, and 20-site boutons. Hori-
zontal dotted lines in each graph indicate the meaninsets) (Silver et al., 1998; Reid and Clements, 1999). In
our simulation of one-site boutons, the mean response experimental values of each parameter (paired-pulse
ratio 0.99 0.004, n 28; steady-state ratio 0.50probability starts at 0.5 when all sites are filled and
decreases as depletion develops during a stimulus train. 0.004, n  28; variance ratio  0.79  0.16, n  17).
Considering the paired-pulse ratio alone, the experimen-As shown in Figure 6B (open symbols), the variance
therefore starts at its maximal value and also decreases tal value near 1 could be reproduced by 1-site boutons
with a Pv of 0.2, or by 10- or 20-site boutons at a widemonotonically during the train. In the model with 20-
site boutons, however, although Pv is 0.5, Pbouton, and range of Pv values (Figure 7B). When the model was
further constrained by the experimental steady-statetherefore the mean response probability, starts near 1
when all sites are filled. During a train of stimuli, as ratio near 0.5, the 1-site boutons failed to replicate the
paired-pulse and steady-state ratios with a single valuethe mean response probability falls, the variance first
increases and later decreases, traversing a greater ex- of Pv. Appropriate values of both the paired-pulse and
steady-state ratios could be obtained, however, fromtent of the parabolic relation between the variance and
the mean (Figure 6C, open symbols). 10-site boutons with a Pv of 0.1, or 20-site boutons with
a Pv between 0.2 and 0.3 (Figure 7C). The experimentalDespite the extremely high Pv, long refill, and large
number of sites per bouton, the simulations in Figure variance ratio constrained the model still further, since
the simulated variance ratio was highly sensitive both6C approximate some of the features of our electrophys-
iological data, namely a paired-pulse ratio near 1 and a to the number of sites per bouton and to Pv (Figure 7D).
Only the model with 10-site boutons could simultane-slow onset of depression. Therefore, we next tested
whether a multiple-site model could fit the data quantita- ously account for the experimental paired-pulse ratio,
steady-state ratio, and variance ratio at a single valuetively. The data provide several constraints on the
model, including the paired-pulse ratio, the steady-state of Pv (near 0.1).
We next explored whether the one-site boutons mightratio, the relation of the variance at the end of the train
relative to that at the beginning of the train (“variance replicate the experimental data if we used alternate pa-
rameters for refill, fast. The model of one-site boutons failedratio”  220/21), and the coefficient of variation in the
steady-state (“CV20”  20/20), as well as the recovery largely because it did not simultaneously produce a
steady-state ratio of 0.5 and variance ratio just belowof IPSC amplitudes after a stimulus train (Telgkamp and
Raman, 2002). We therefore systematically varied the 1. The relation between variance and mean (Figure 6C,
inset) indicates that the only simple way to achieve thisessential parameters of the model—number of boutons
stimulated, number of sites per bouton, the release combination of values is for the response probability to
begin near 0.6 and to drop to about 0.3 during the stimu-probability of each site, and the time constant for refilling
of site—to obtain the combination of parameters that lus train: these values yield a steady-state ratio of 0.5,
but the variance associated with these response proba-best fit the data.
We simulated response amplitude evoked by release bilities is approximately equal (giving a variance ratio
near 1). To optimize the simulations of the one-site bou-from an array of boutons stimulated at 100 Hz. Separate
simulations were run with arrays of 1-site, 10-site, or tons, therefore, we set the initial Pv to give a response
probability near 0.6, changed refill, fast to give a final re-20-site boutons, and were repeated at ten values of Pv
ranging from 0.05 to 0.95. The resulting data were plot- sponse probability near 0.3, and compared the simu-
lated paired-pulse ratio to the experimental data. Withted as mean and variance versus stimulus number, as
in Figures 6B and 6C. The slow time constant of refilling a Pv of 0.6 and a rather brief refill, fast of 10 ms, the one-
site model indeed replicated the variance ratio (0.72)of depleted sites (refill, slow) was set at 15 s, accounting
for 50% of refilling. In initial simulations, the fast time and the steady-state ratio (0.5), but the paired-pulse
ratio was 0.74, well below the experimental value of 1constant (refill, fast) was varied from 100 to 1000 ms. Values
between 150 and 600 ms approximated the experimen- (data not shown). Thus, even widely varying refill, fast, we
could not find a fixed value of Pv for which the one-sitetally measured amount of recovery after a 500 ms inter-
val following a 100 Hz, 20 pulse train (60%) (see also boutons could adequately reproduce the experimental
data.Telgkamp and Raman, 2002). For the simulations of Fig-
ure 7, refill, fast was set at 150 ms. Initial simulations also An array of 40 boutons with ten release sites per bou-
ton and a Pv of 0.1 at each release site therefore emergedshowed that the CV20 was not strongly dependent on Pv
or on refill, but varied with the total number of release as a reasonably well-constrained condition that was
consistent with the EM and accounted for the electro-sites. A CV20 near the experimental value (0.20  0.02,
n  17) could be obtained if the product of sites per physiological data. This simulation, however, assumed
that a single release event saturates all postsynapticbouton and number of boutons was near 400 (Figure
7A). Simulations were therefore run with 400 1-site bou- receptors apposed to a bouton. For saturation to occur,
GABA must reach the receptors within the 1 ms risetons, 40 10-site boutons, or 20 20-site boutons. From
the simulated data, we calculated the paired-pulse ratio, time of the IPSC, and its concentration must remain well
above the EC50 long enough for receptors to bind GABA.the steady-state ratio, and the variance ratio. These val-
ues were compared to the mean experimental data ob- To explore whether the time course of GABA in the cleft
is indeed adequate to activate all postsynaptic recep-tained in this study, with the goal of finding conditions,
if any existed, under which a single value of Pv could tors, we estimated how receptor occupancy varies with
distance from the release site and GABA concentration,replicate all the experimental data.
Figures 7B–7D illustrate the simulated paired-pulse by simulating transmitter spread with a simple diffusion
model (Otis et al., 1996a). The estimates from this modelratio, steady-state ratio, and variance ratio as a function
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Figure 7. Comparison of Electrophysiological Data and Models of Release from 1-, 10-, and 20-Site Boutons
CV of IPSC20 (A), paired-pulse ratio (B), steady-state ratio (C), and variance ratio (D) versus Pv for the 1-site, 10-site, and 20-site models.
Horizontal lines give the experimental values. Vertical lines show Pv  0.1. (E) Predictions of a diffusion model. GABA concentration versus
time after release of 2,500 (top), 5,000 (middle), or 10,000 (bottom) molecules, at four distances from the release site. Lines: 30 M (dotted)
and 100 M (dashed).
depend on the diffusion coefficient D, the cleft width from which we measured the cleft and noncleft width
to be 16.0  0.3 nm and 13.2  0.3 nm (n  20 active(simulated as the thickness of an infinite disk), and the
number of transmitter molecules released. D was set at zones), the thickness of the disk was set at 14 nm.
Although the number of GABA molecules per Purkinje0.5 cm2/s (Otis et al., 1996a). Based on our EM sections,
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vesicle has not been measured directly, given 300 ther the stimulation rate (to 10 or 50 Hz) or the presynap-
mM transmitter per vesicle (Bruns et al., 2000), a rough tic Ca influx. Both models successfully predicted the
estimate is that each vesicle may contain 2500–5000 experimental data obtained at 50 Hz (Figure 8A, middle).
GABA molecules (Experimental Procedures). At 10 Hz, however, they predicted too little depression
Simulations were therefore run with 2,500, 5,000, and (data not shown). Because studies of other synapses
10,000 molecules, to bracket fusion of one or two small (Wang and Kaczmarek, 1998; Dittman et al., 2000; Sa-
or large vesicles. The concentrations of GABA were sim- kaba and Neher, 2001) as well as our own preliminary
ulated for 2 ms after release, at various distances from data (P. Telgkamp and I.M. Raman, 2002, Biophys. Soc.,
the release site (Figure 7E). Because the mean distance abstract) suggest that recovery rates depend on presyn-
between active zones was 0.21 m, the values at 0.25 aptic Ca levels, we prolonged the refill, fast to 600 ms and
m estimate the GABA concentration at a postsynaptic retested the model at 10 Hz. With this slower refilling
site neighboring a release site. Because the minimum rate, both models replicated the experiments quite well
area encompassing all active zones on each bouton was (Figure 8A, right).
1.6  0.3 m2, the values at 0.75 m (the radius of a For comparisons of the models to data in which exter-
circle with an area of 1.6 m2) estimate the GABA nal Ca was modified, we changed only Pv, keeping this
concentration at the most distant receptors after release value constant during simulated 100 Hz trains. As shown
from a central site. in Figure 8B, the data obtained with reduced (middle
Ideally, the concentrations in Figure 7E should be bars) or increased Ca influx (rightmost bars) were rea-
compared to the affinity of GABAA receptors at cortico- sonably well predicted by the 10-site model with Pv 
nuclear synapses. Preliminary fast-flow studies of so- 0.05 or 0.2 or by the 16-site model with Pv  0.05 or
matic patches from nuclear neurons at 31C indicate 0.175. Thus, to a first approximation, models of multiple-
that half-maximal responses can be evoked by 30–100 site boutons operating with simple depletion repro-
M GABA (J.R. Pugh and I.M.R., unpublished data), val- duced a wide range of electrophysiological data, with
ues that are somewhat higher than for CA1 cells near parameters for Pv and refill within the range of values
22C (20 M) (Jones and Westbrook, 1995). An EC50 from well-studied synapses.
of 30–100 M predicts that, at corticonuclear synapses,
release of 2500 molecules of GABA is likely to yield a Discussion
50% occupancy of receptors within 0.75 m of a release
site (Figure 7E, top). Closer to the release site, or with These results offer a resolution to the question of how
more molecules released, receptors may approach full high-frequency firing in Purkinje cells, which is predicted
occupancy (Figure 7E, middle, bottom). to deplete vesicles rapidly, can nevertheless maintain a
This calculation makes it seem plausible for receptors significant inhibitory control over neurons of the cerebel-
up to 0.75 m from the release site to bind GABA within lar nuclei. The physiological data indicate that, over a
1 ms and thereby contribute to the peak of the IPSC. range of levels of presynaptic Ca influx, the total ampli-
Nevertheless, rather than saturating all sites opposite tudes of IPSCs evoked at 100 Hz show little paired-pulse
the bouton, fusion of a single vesicle may produce re- depression and only moderate steady-state depression;
ceptor occupancies ranging from 50% to 100% at differ- these responses are unaffected by transporter block-
ent postsynaptic sites. Therefore, to test how subsatura- ade. Our EM studies confirm and extend previous work
tion of receptors changes the estimates of the number (Chan-Palay, 1977; Ribak et al., 1996) and suggest that
of release sites and Pv, we modified our simulation so Purkinje terminals have specializations that are adaptive
that a single release event gave a postsynaptic response
for effective rapid transmission. These include large
per bouton of 50%, while two simultaneous release
boutons, each with an enormous number of synaptic
events were necessary for saturation.
vesicles, many distinct synaptic densities, and glial en-Figure 8 compares experimental data to the predic-
sheathment with transporters restricted to astrocytictions of the model with either saturation or subsatura-
processes. Incorporating these structural attributes intotion. In Figure 8A (left), the mean and variance of re-
a depletion model of synaptic transmission, in whichsponses throughout a 20 pulse 100 Hz train are shown
GABA released from one presynaptic site can activatefor representative experimental and simulated data.
multiple postsynaptic sites opposite that bouton, weWith a Pv of 0.1, 40 ten-site boutons with 100% occu-
can account for the properties of IPSCs under a varietypancy per release event mimics the slow decrease in
of conditions.the mean and relatively constant variance, which defines
the top of the parabolic variance-mean relation, seen
Spillover and Saturationexperimentally (Figure 8A, left). When the occupancy per
Our model is closely related to other spillover models ofrelease was reduced to 50%, similar mean and variance
synaptic transmission. At glomerular synapses betweenprofiles could be obtained with 25 16-site boutons, while
mossy fibers and cerebellar granule cells, for example,keeping Pv at 0.1 (Figure 8A). In other words, a lower
spillover allows receptors to detect release from severaloccupancy per release event predicted a larger number
presynaptic sites within the glomerulus, producing aof release sites per bouton. Like the 10-site model, the
fast, direct EPSC with a slowly rising, spillover-mediated16-site model was also able to replicate the paired-pulse
component (DiGregorio et al., 2002). Similarly, at Golgi-and steady-state parameters for 100 Hz trains (Figure
to-cerebellar granule cell synapses, which have high-8B, blue bars).
affinity GABAA receptors unique to granule neurons,We tested the robustness of the saturating and half-
spillover produces slow IPSCs (Rossi and Hamann,saturating models by exploring whether they could
mimic the experimental data obtained by changing ei- 1998). To account for the data at corticonuclear syn-
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Figure 8. Simulations of Multiple-Site Boutons Reproduce the Experimental Data under Many Conditions
(A) Mean (closed symbols) and variance (open symbols) during 100 Hz (left), 50 Hz (middle), and 10 Hz (right) trains. Black: representative
experimental data from one cell, normalized to an initial value of 0.65 (mean) or 0.0065 (variance) to allow comparison; blue: 40 10-site boutons;
red: 25 16-site boutons. Occupancy per release event (“occ.”) as indicated. Pv  0.1. refill, fast was 150 ms except as noted in right panel.
(B) Experimental data (left bar in each cluster) compared to the 10-site model (middle bar in each cluster) and the 16-site model (right bar in
each cluster) for relative IPSC1 amplitude, paired-pulse ratio, steady-state ratio, and variance ratio. Comparisons are made for data under
control conditions (left group of bars), “low Ca influx” (pooled data from baclofen and 1 Ca; middle group of bars), and “high Ca influx” (pooled
data from TEA and 4 Ca; right group of bars). Pv values are as noted.
apses, we propose a highly effective form of spillover, one release site liberates more than one quantum of
transmitter at a time (Tong and Jahr, 1994; Auger et al.,in which both local and distant receptors bind GABA
rapidly and achieve a high enough occupancy to contrib- 1998; Wadiche and Jahr, 2001; Foster et al., 2002). At
corticonuclear synapses, the multiple synaptic activeute to the peak of the IPSC.
Receptor occupancy depends on receptor affinity and zones and large number of vesicles make multivesicular
release, and consequently an occupancy approachingthe concentration profile of GABA in the cleft upon fusion
of a vesicle; the concentration, in turn, depends on the 100%, seem plausible. In our synaptic model, decreas-
ing receptor occupancy simply increased the numbernumber of molecules per vesicle, D, and cleft width. Our
diffusion simulation suggests that, upon release of 2500 of functional release sites per bouton that was neces-
sary to replicate the experimental results. In other words,molecules, GABAA receptors of nuclear cells as far as
0.75 m from the release site will be exposed to at least independent of the efficacy of a single release event,
the data were well described as long as the first stimulushalf-saturating concentrations for about 1 ms. In many
preparations, however, even GABAA receptors immedi- released enough GABA to yield an average postsynaptic
receptor occupancy near 65%.ately apposed to the release site are not saturated upon
fusion of only one vesicle (Frerking et al., 1995; Nusser
et al.,, 1997; Galarreta and Hestrin, 1997; Perrais and Validity of the Model
The multiple-site model included several simplifying as-Ropert, 1999; Kirischuk et al., 2002; Perrais and Ropert,
2000). Nevertheless, the evidence for saturation is sumptions, such as uniformity of properties across syn-
aptic sites, and a constant Pv, refilling rate, and postsyn-strong at synapses with multivesicular release, in which
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aptic sensitivity. While these simplifications allowed lease site is emptied, equivalent effects can be obtained
by release from other sites within the bouton.direct comparison of one-site and multiple-site boutons,
variability in these parameters is likely to influence the
behavior of real synapses. For instance, the number Physiological Role of Spillover
An adaptive significance of spillover-mediated transmis-of synaptic densities differs across boutons, and even
single axons can have release sites with different Pr sion can be questioned for many synapses, as it appears
to violate synaptic independence at the level of individ-(Rosenmund et al., 1993; Walmsley et al., 1988; Silver et
al., 1998). Also, corticonuclear mIPSC amplitudes vary, ual release sites (e.g., Barbour and Ha¨usser, 1997). Inter-
estingly, cerebellar nuclear neurons deviate from inde-suggestive of different quantal responses (Telgkamp
and Raman, 2002; Pedroarena and Schwarz, 2003). Non- pendence at some of their excitatory inputs, as Ca influx
through NMDA receptors can modulate not only IPSCuniformity of synaptic properties almost certainly con-
tributes to cell-to-cell variability, and may account for amplitudes but also intrinsic excitability (Ouardouz and
Sastry, 2000; Aizenman et al., 1998; Aizenman and Lin-the range of responses seen with drugs like TEA.
Regarding Pv, although our data were well predicted den, 2000). Regarding the inhibitory inputs, the many
specializations of corticonuclear synapses—large bou-when Pv remained constant during the train, at many
synapses, Pv seems to decrease in an activity-depen- tons, glial ensheathment, GABA transporters confined
to astrocytes, multiple release sites, a high postsynapticdent manner, through mechanisms that are upstream to
exocytosis (Waldeck et al., 2000; Kraushaar and Jonas, response probability—appear consistent with the idea
that glial transporters actually preserve the indepen-2000; Hefft et al., 2002; Pedroarena and Schwarz, 2003).
The paired-pulse ratio near 1 distinguishes cortico- dence of signaling by distinct boutons, even while local
spillover increases the reliability of transmission at eachnuclear synapses from many of these synapses, how-
ever, and makes it difficult to account for depression bouton. Since a major physiological role of Purkinje cells
involves maintaining a well-timed, effective inhibitionsolely based on a steady drop in Pv. Nevertheless, our
data do not exclude additional activity-dependent over neurons that have a strong tendency to fire steadily
(Jahnsen, 1986; Medina and Mauk, 2000), spillover-changes in Pv as a result of decreasing Ca influx per
spike during repetitive activity (Park and Dunlap, 1998; enhanced transmission may serve as a mechanism that
is well adapted for the maintenance of high-frequencyKirischuk et al., 2002; Borst and Sakmann, 1999; Wal-
deck et al., 2000). Any reduction in Pv, however, may inhibition.
also be opposed by facilitation owing to residual-Ca-
Experimental Proceduresinduced increases in Pr, since many synapses both de-
press and facilitate (Dittman et al., 2000). Changes in
Electrophysiology
presynaptic Ca may also affect vesicle replenishment, Recordings were made as in Telgkamp and Raman (2002). In accor-
since refill, fast is likely to be Ca dependent (Wang and dance with institutional guidelines, C57BL6 mice (P13–P15) were
anaesthetized with halothane and perfused with artificial cerebro-Kaczmarek, 1998; Dittman et al., 2000; Sakaba and
spinal fluid (ACSF, 4C, 123.75 mM NaCl, 3.5 mM KCl, 26 mMNeher, 2001). Consistent with this idea, the frequency
NaHCO3, 1.25 mM NaH2PO4, 1 mM MgCl2, 2 mM CaCl2, 10 mMindependence of depression could be replicated by pro-
glucose) bubbled with 95% O2/5% CO2. Mice were decapitated andlonging refill, fast at lower stimulation rates. 300 m parasagittal cerebellar slices were cut in ACSF (4C) on
Finally, the model ignored any changes in postsynap- a Leica VT100S vibratome. Slices recovered for 1 hr at 34C in
tic factors, specifically, receptor desensitization. In oxygenated ACSF before recording.
Neurons were visualized with IR-DIC microscopy on a Zeiss FS1many neurons, exogenous GABA induces a rapid, brief-
microscope. Slices were bathed in oxygenated ACSF at 31C, withpulse desensitization of GABAA receptors (Jones and
AMPA and NMDA receptors blocked by 5M 6,7-dinitroquinoxaline-Westbrook, 1995; Galarreta and Hestrin, 1997; Mellor
2,3-dione (DNQX) and 10 M (RS)-3-(2-carboxypiperazin-4-yl)-pro-and Randall, 1998; Perrais and Ropert, 1999). The evi-
pyl-1-phosphonic acid (CPP). Borosilicate pipettes (1–4 M) con-
dence for desensitization of receptors activated by syn- tained 110 mM K-gluconate, 2 mM Na-gluconate, 2 mM MgCl2, 10
aptic transmission, however, is equivocal (Mellor and mM EGTA, 10 mM HEPES, 6 mM TEACl, 0.6 mM QX314-Br, 14
mM Tris-creatine phosphate, 4 mM MgATP, and 0.3 mM Tris GTP,Randall, 2001; Kirischuk et al., 2002). Although the satu-
buffered to pH 7.3 with KOH. Whole-cell recordings were made fromration-like profile of cerebellar nuclear IPSCs appears
large neurons (15–20 m somatic diameter) in slices containing theinconsistent with substantial receptor desensitization,
most medial portions of the cerebellar nuclei. Data were recordedit remains possible that repeated exposures to GABA
with an Axopatch 200B amplifier and pCLAMP software (Axon In-
lead to desensitization over a few stimuli. struments, Union City, CA), sampled at 20 kHz and filtered at 5
Incorporating nonuniformity of pre- and postsynaptic kHz. Series resistance was compensated by 70%–80%. Cells were
voltage clamped at 
40mV (junction potential corrected). IPSCssites, activity dependence of Pv and refill, and receptor
were evoked with 100 s voltage pulses applied through a concen-desensitization into the model is likely to modify our
tric bipolar stimulating electrode (FHC, Bowdoinham, ME). To stabi-estimates of the initial Pv and the number of sites per lize IPSCs, three 100 Hz trains were initially applied (Telgkamp and
bouton. Nevertheless, that a simple model without these Raman, 2002). Subsequent trains were applied at 20 s intervals,
factors can quantitatively account for the experimental repeated ten times, and averaged. Drugs were added to the bath
data strongly supports the notion of multiple release as indicated. When bath Ca was changed, Mg was also altered to
keep divalents constant. Drugs were from Sigma-Aldrich (St. Louis,sites per bouton impinging on the same postsynaptic
MO), except DNQX, CPP, and baclofen (Tocris Cookson Inc., Bal-receptors. The central idea is that postsynaptic sites
win, MO).detect release from several presynaptic sites whose re-
Data were analyzed with IGOR Pro software (Wavemetrics, Lake
lease is independent, and whose refilling is independent. Oswego, OR). Stimulus artifacts are reduced in all figures. Data are
This independence provides the basis for the minimiza- presented as mean standard error. Statistics were calculated with
Student’s paired two-tailed t tests and p values are reported.tion of depletion-dependent depression: when one re-
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Microscopy bouton was estimated simply as the product of the occupancy and
the number of releases, with a maximal Q of 1. Each model yieldedP18 mice were anesthetized with Nembutal (60 mg/kg, i.p.) and
perfused (15 min) with 4% paraformaldehyde and 1% glutaralde- an array of values ranging from 0 to 1 for receptors opposite each
bouton, and averaging the values gave the mean response probabil-hyde in 0.1 M phosphate buffer (PB). Brains were removed, and the
cerebellum was postfixed for 1–3 hr, rinsed, and cryoprotected in ity to a stimulus.
To model depression to 100 Hz trains, 20 responses were simu-30% sucrose overnight at 4C. 50 m parasagittal sections were
cut on a freezing microtome. About 1/3 of the sections were rinsed lated. Pv was constant during the train. To include the residual cur-
rent from previous stimuli, each response began to decay after 1.5overnight in PB and flat embedded for serial section EM (below).
The remaining sections were processed for preembedding EM im- ms (to account for the IPSC rise) with a  of 5.5 ms. The residual
response either summed with the new responses at other sites, ormunocytochemistry for GAT-3 (Ribak et al., 1996). Sections were
incubated first in 1% sodium borohydride, then in 0.05%–0.10% was reset to a higher value if release occurred again at that site.
Depleted sites were randomly refilled according to a double expo-H2O2 to quench endogenous peroxidases, then in a blocking solution
of 5% normal serum, 3% BSA, and 0.3% DMSO in 0.5 M Tris- nential function. The refilling function had a slow  of 15 s, accounting
for 50% of refilling (Telgkamp and Raman, 2002), and a variable fastbuffered saline (TBS), then in primary antiserum (rabbit anti-mouse
GAT-3 at 1:500; Chemicon) in a solution of 1% normal serum, 2%  (refill, fast). Simulations were run 150 times, and the mean and vari-
ance were calculated for each of the 20 responses.BSA, and 0.3% DMSO in 0.5 M TBS for 40 hr at 4C. After rinsing,
sections were incubated in biotinylated goat anti-rabbit IgG (1:800; We thank Dr. Bill Russin of the Northwestern Biological Imaging
Facility for his technical expertise on electron microscopy, ReneeVector) in the same solution as for the primary, followed by ABC
reagent (1:100; Vector Elite kit) in TBS. To visualize immunostaining, May for help with 3D reconstructions, Dr. Larry Trussell for the
diffusion program, and Drs. Chinfei Chen and Larry Trussell forsections were preincubated in 0.025% diaminobenzidine in TB (pH
7.6, 20 min). The peroxidase reaction was then initiated by adding helpful comments. I.M.R. is especially grateful to the Searle Scholars
Program for their support. Also supported by NIH NS39395 (I.M.R.)0.01% H2O2. After 10 min, sections were rinsed in Tris buffer and
stored overnight in PB at 4C. and NS37324 (C.S.W.).
For EM, sections were incubated in 1% osmium tetroxide in 0.2 M
PB for 45–60 min, rinsed, dehydrated, and flat embedded in epoxy Received: July 29, 2003
resin. Sections were blocked to contain the cerebellar nuclei and Revised: October 29, 2003
mounted on a BEEM capsule. Series of 100 consecutive ultrathin Accepted: November 18, 2003
(80 nm) sections were cut with an ultramicrotome and collected Published: January 7, 2004
onto formvar-coated copper slot grids. Sections were counter-
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